Abstract-This paper is concerned with the development of digital control system for high power permanent-magnet synchronous motor (PMSM) to yield good speed regulation, low current harmonic and stable output speed. The design of controller is conducted by digitizing the mathematical model of PMSM using impulse invariance technique. The regulation and limitation of control parameters are also studied. In addition, a predicted current estimator, which is insensitive to motor feedback currents, is proposed to function under stationary frame for harmonic current suppression. A digital control system for 75kW PMSM is realized with digital signal processor (R5F5630EDDFP). Experimental results indicate that the total harmonic distortion of current is reduced from 4.1% to 2.8% for 50kW output power by the proposed predicted current estimator technique.
I. INTRODUCTION Basically, the structure of PMSM, which consists of threephase windings on stator but permanent magnets on rotor, is similar to traditional synchronous motor. Because there are no excitation circuit, slip rings, and brushes, the PMSM features advantages of simple structure and high efficiency [1] [2] [3] . Therefore, it is suitable for precision servo drives. In this paper, the high power PMSM (75kW) is characterized low equivalent resistance and inductance. Thus it is difficult to implement the motor drive. Currently, the PMSM drive system is mostly implemented by inverters with high switching frequency. Because the low equivalent resistance and inductance characteristic, currents feedback delay, and resolution limitation of digital controller, it introduces lots of current harmonics to motor so that affects the performance of the electromagnetic torque output of the motor. In order to alleviate these drawbacks and reduce current harmonics in steady state, the motor mathematical model is used to estimate the motor currents [4] [5] , and thus to compensate for current harmonics caused by high switching frequency, and to improve problems of current feedback delay and resolution limitation of digital control. The predicted current estimator used in this paper obtains motor current feedback, and accelerates the convergence with closed-loop control. It can not only reduce the steady-state current harmonics, but also increase the speed and current transient response. In summary, the control strategy and pulse-width-modulation (PWM) will be implemented by a low cost digital signal processor. The analysis to predicted current estimator will be detailed discussed.
II. SYSTEM CONFIGURATION The configuration of the proposed system shown in Fig. 1 consists of two parts: power converter and digital signal control module. As indicated above, the power converter includes a high power inverter, gate drive, and current sensors. The proposed system can thus transfer energy from electrical to mechanical forms with good power quality. As to the digital signal control module, it includes a digital signal processor to realize the controller of the proposed system. A 12-bit analog-to-digital converter and a PWM module are built in the digital signal processor to reduce the hardware complexity and improve the reliability as well as maintainability of the system. III. OPERATION PRICIPLES In order to reduce current harmonics to high power PMSM, a predicted current estimator for closed-loop control is proposed. By current sensors at the output of inverter, one can obtain three-phase currents and then transform to stationary frame. The q-and d-axis currents in stationary frame thus yield the peak value of output current. The currents to PMSM can then be calculated by predicted current estimator. On the other hand, a speed regulator adjusts the q-axis current from rotational encoder which is used to calculate rotor speed. Thus the motor speed can remain constant all the time. The detailed analysis is discussed in the following.
A. Mathematical Model of PMSM
The equivalent circuit of PMSM is shown in Fig. 2 . The voltage equation can be written as [6] :
‫ݒ‬ ௦ and ݅ ௦ denote the phase voltages and line currents of motor, respectively; ‫ݎ‬ ௦ and ߣ ௦ are the equivalent resistance and flux linkages of stator. Assume that the flux harmonics of rotor and stator are negligible. Under this circumstance, the fluxes of rotor and stator are sinusoidally distributed. Therefore, one has the flux linkage
where
; ߠ and ߱ are rotor flux angle and speed, respectively; ܰ ௦ and ‫ܮ‬ ௦ are equivalent turns and leakage-inductance of stator winding, respectively; Ը is equivalent reluctance of stator; ߣ ᇱ is the equivalent flux linkage of rotor referred to stator. 
where ݁ ௦ denotes the internal voltage of motor and is proportional to ߱ . That is
For modelling and control design, three-phase variables in stationary frame can be transformed to two-axis stationary frame. This yields [7] 
where subscripts q and d are used to denote the components of q-and d-axis in two-axis frame, respectively. The two-axis variables in stationary frame can transferred to rotating frame as [7] :
Transforming eqs. (9) and (10) into q-d stationary frame with eqs. (11) and (12), one obtains
, and ݅ ௗ௦ ௦ are motor input voltages and currents reflecting in stationary frame, respectively. From eqs.
(15) and (16), the state equation can be derived
It is seen from eq. (17) that inputs and outputs are linearity in a control period if motor speed is fixed. Therefore, one can have digitalized state equation as [8] :
ܶ ௦ denotes control cycle; ݇ and ሺ݇ െ ͳሻ are current and last states, respectively. Eq. (20) can be used in predicted current estimator. The electromagnetic torque equation in q-d rotating frame can be written as: 
where and denote the inertia and friction of motor, respectively. ߱ is rotor electrical speed and ܶ is the load. This means that the speed of compressor can be controlled by ݅ ௦ and is used in this paper to implement the speed regulator of motor drive.
B. Analysis of Predicted Current Estimator
Generally, the high frequency switching of inverters, resolution limitation of analog-to-digital converters, and sampling delays from current feedbacks introduce a large number of current harmonics. Therefore, it is difficult to design digital controller for high power drives. In order to suppress the current harmonics and improve the performance of the current regulator, the predicted current estimator is used to obtain real currents. The feedback currents from motor estimated by q-and d-axis in stationary frame reduces time delay problems. After z-transform to eq. (20), the control block diagram of predicted current estimator is shown in Fig.  3 . The predicted current estimator supresses ripples of voltage commands to reduce current harmonics. From eqs. (20) ~ (22), the estimated currents ଓƸ ௦ ௦ and ଓƸ ௗ௦ ௦ are
regulators of predicted current estimator can be written as:
( 2 8 ) where ݇ , ݇ , ݇ ௗ , and ݇ ௗ are gains of the proportionalintegral current regulators, respectively. If ‫ݑ‬ ௦ ௦ ൌ Ͳ and ‫ݑ‬ ௗ௦ ௦ ൌ Ͳ, the transfer functions of predicted current estimator can be derived as:
The predicted current estimator improves the accuracy of current feedback and reduces current harmonics to motor. It can not only improve the current sampling delay, but also has the characteristics of low-pass filters to enhance system stability. Fig. 3 The control block diagram of predicted current estimator: (a) q-axis current regulator; (b) d-axis current regulator
C. Analysis of Speed Regulator
It is seen from eq. (23) that the electromagnetic torque of motor is proportional to q-axis current. This means that the output speed of motor can be controlled by q-axis current ݅ ௦ and is used in this paper to implement the speed regulator. Therefore, the q-axis current command ݅ ௦ ‫כ‬ can be calculated by speed error to speed regulator ‫ܩ‬ ௦ . It is important to note that the friction of this motor is ignored due to high inertia in the high power PMSM. This yields
( 3 1 ) where ݇ ௦ , and ݇ ௦ are gains of the proportional-integral current regulators, respectively. The transfer functions of speed regulator can be derived as:
The control block diagram of speed regulator is shown in Fig. 4 . Experimental evaluation of the proposed system will be given in the following section. IV. EXPERIMENTAL RESULTS An experimental prototype of a 75kW motor drive for PMSM is built. The digital signal processor mentioned above is used to implement the control scheme. The power controller is formed by insulated-gate bipolar transistors (IGBT), which operates at 8kHz. Fig. 5 shows the experimental results of the proposed system under the rotor speed 3000rpm with 50kW power output. It can be seen that the current ripples of q-and d-axis is small when d-axis current comment sets to zero. It is also seen from Fig. 6 that the measured total harmonic distortion of currents reduced with predicted current estimator, and the total harmonic distortion of currents gradually declined when the output power increases. Besides, the total harmonic distortion of currents decrease to 2.8% in 50kW power output. It is obviously to say that the electromagnetic torque ripple is very small under this circumstance. Therefore, the proposed system satisfies the design requirement. V. CONCLUSIONS This paper focuses on the design of digital controller for high power PMSM drives. The parameters of digital controller are derived by proposed predicted current estimator to reduce total harmonic distortion of motor currents. With theoretical derivation of design parameters, the digital controller maintains drive operating stably by setting d-axis current to zero with motor speed range from 0 to 3600 rpm. Experimental results show measured total harmonic distortion of currents are 1.3% decreased in 50 kW power output. In this paper, a digital signal processor performs as the core controller to reduce the complexity of hardware circuit. The entire digital control algorithms are conducted by software to make high stability of drive system. In short, it is considerable potentially to implement the high power servo drives.
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